Porous silicates were synthesized by a nonhydrothermal method, using sodium silicate as a source of silica and cetyltrimethylammonium bromide as a template agent. Catalysts were characterized using thermogravimetric analysis, N 2 physisorption, X-ray diffraction, FTIR spectroscopy, pyridine adsorption, potentiometric titration with -butylamine, scanning electronic microscopy, and transmission electronic microscopy. The surface area of the materials synthesized was greater than 800 m 2 /g. The introduction of zirconium atoms within the porous silicates increased their acid strength from −42 to 115 mV, while the addition of sulfate ions raised this value to 470 mV. The catalytic activity for the dehydration of alcohols yields conversions of up to 70% for ethanol and 30% for methanol.
Introduction
In recent years, there has been an increase in the study of solid acid catalysts for use in industrial catalytic reactions, such as cracking, isomerization, and alkylation of light paraffin, in order to improve the quality of fuels [1] [2] [3] . The new generation of solid catalysts can be reused, a money-saving advantage that avoids the environmental contamination associated with commercial catalysts, such as H 2 SO 4 , HF, AlCl 3 , BF 3 , and H 3 PO 4 , which the chemical industry has relied upon for a long time now [1, 4] . Of the solid acids studied in recent years, zeolites (HY, Beta, H-Mordenite, and ZSM-5), SiO 2 -Al 2 O 3 mixed oxides, and metal oxides, such as ZrO 2 , TiO 2 , SnO 2 , and Fe 2 O 3 , have received the most attention. The magnitude of their acid strength can be increased by modification with SO 4 −2 , WO 4 −2 , and MoO 4 −2 [5] [6] [7] [8] [9] ions. These solid acid catalysts have given good results in the fine chemical industry [10] . Current catalyst research has focused on the synthesis of SBA and MCM types of mesoporous silica. These types of materials allow the reactants to diffuse and then transform the reactants on their numerous active centers, thereby yielding increased reaction conversion percentages [11, 12] . Unfortunately, these mesoporous materials have a low thermal stability and poor surface acidity, limiting their application as a catalyst or support. The literature reports that the introduction of transition metals, such as Ti, Zr, V, Fe, Cu, and Mo, within the structure of some mesoporous silicates, plus their impregnation with oxoanions and/or polyacids, increases their acidity and improves the catalytic performance in epoxidation, transesterification, and alcohol dehydration reactions [13] [14] [15] [16] . The dehydration of alcohols requires materials with acid sites. Fu et al. [17] studied the decomposition of methanol on H-ZSM-5, H-Y zeolite, -Al 2 O 3 , and Ti(SO 4 ) 2 / -Al 2 O 3 supports over a temperature 2 Advances in Materials Science and Engineering range of 127 to 327 ∘ C. Tang et al. [18] used methanol as a model molecule to evaluate the catalytic activity of a ZSM-5/MCM-41 material at temperatures of 170 to 310 ∘ C; they reported high activity, selectivity, and stability for methanol dehydration to DME at 210 ∘ C. Trakarnpruk [15] analyzed the catalytic activity of CeHPW/MCM-41 and CuHPW/MCM-41. These materials, used to dehydrate ethanol at 200-350 ∘ C, presented selectivity for diethyl ether at 300 ∘ C. The selectivity for ethylene increases with the temperature and reduced the selectivity for ether. Ahmed et al. [19] synthesized zirconia materials and impregnated them with different weight percentages of sulfate ions (5-30 wt.%) before evaluating their activity in ethanol dehydration at 380 ∘ C. Ethylene selectivity was 100% in all samples.
In the present work, the acid properties of a mesoporous silicate were modified with zirconium oxide using a quick, straightforward synthetic route [20] . Furthermore, two different methods were used to impregnate the resulting materials with a theoretical weight of 12% of sulfate ions before testing them for ethanol and methanol decomposition.
Materials and Methods

Material Synthesis.
The mesoporous zirconium silicate materials were synthesized according to techniques reported by Sepehrian et al. [20] . In summary, the synthesis involved dissolving cetyltrimethylammonium bromide (CTMABr, Aldrich, 99%) in distilled water. The mixture was stirred for 15 min before adding a known mass of sodium silicate (Na 2 O 7 Si 3 ; Aldrich) and stirring strongly for a further 30 min at room temperature. The resulting solution had a pH of 12 which was adjusted to 9 with additions of 2 M H 2 SO 4 . The white precipitate obtained was filtered, washed, and dried in oven at 80 ∘ C for 48 h. The resulting material was calcined at 600 ∘ C for 6 h in in an extra-dry air flow. This pure mesoporous silicate was designated SM. A zirconium silicate was then synthesized following the same method as the SM; after adjusting the pH of the alkaline mixture, a zirconium oxychloride solution (ZrOCl 2 ⋅8H 2 O; Merck, 98%) was added dropwise and under constant stirring for 4 h at room temperature.
This yielded a white precipitate which was filtered, washed, and dried under the same conditions as the SM material. A portion of this solid product was impregnated using a solution of 2 M H 2 SO 4 , which provided a theoretical sulfate ion (SO 4 −2 ) content of 12 wt.%, and the incipient wetness technique; the product was then dried at 80 ∘ C for 12 h. Samples with and without sulfate ion impregnation, named 12SZSM and ZSM, respectively, were calcined at 600 ∘ C for 6 h in a tubular furnace. To evaluate the effect of calcination temperature on catalytic activity, another portion of the ZSM material was impregnated under the same conditions as 12SZSM but this time it was calcined at 500 ∘ C for 3 h; the catalyst obtained was named 12SZSM-2. A diagram of the synthetic route is shown in Scheme 1.
Materials Characterization.
The weight loss of unmodified and modified silicate hydroxides was determined by thermogravimetric analyses (TG and DTG), the crystalline properties of all samples were determined by X-ray diffraction, and samples were studied in two 2 ranges, low angle from 1 to 10 ∘ and high angle from 20 to 80 ∘ . The specific surface area of each catalyst was determined according to the Brunauer-Emmett-Teller (BET) adsorption isotherm equations, while average pore diameters and total pore volumes were measured using the BJH method. The nature and acid strength were determined by pyridine adsorption analysis using FTIR and potentiometric titration with -BTA. Finally, the morphology was investigated through electron microscopy techniques (SEM and TEM).
Catalytic Activity
Measurements. The dehydration of ethanol was realized at 300, 325, and 350 ∘ C, while methanol decomposition was carried out at 340 ∘ C. The catalytic test of the materials was performed in a homemade microactivity system operating at atmospheric pressure and under continuous flow. The reaction system consists of a quartz tubular microreactor in which 100 mg of catalyst was placed. Reaction products were analyzed in a Shimadzu-FID gas chromatogram equipped with a capillary column SPB-1 of 30 m × 0.32 mm and 1 m FILM supplied by SUPELCO. Figure 1 shows the thermogravimetric analysis from the synthesized precursor materials. The results showed that the mass loss occurred in three stages. In the first stage, the catalytic precursors SM, ZSM, and 12SZSM showed a weight loss of about 5% of their initial mass and in the case of 12SZSM-2 it was 10%. These changes occurred between room temperature and 100 ∘ C and are attributed to the removal of physically absorbed water [21] . The second stage of weight loss occurred between 100 and 350 ∘ C; this was due to template agent decomposition [22] . The final stage of weight loss occurred between 350 and 650 ∘ C. The SM silicate lost only 6% of its total weight over this temperature range, indicating that a greater amount of organic matter was removed at lower temperatures. Whereas ZSM and 12SZSM lost 15 and 19%, respectively, this weight loss is still attributed to the combustion of residual organic matter and also to the dehydroxylation of precursors, promoting the formation of Si-O-Si bonds [21] .
Results and Discussion
Thermal Analysis.
In curves from derivative thermogravimetric analysis (DTG), multiple signals emphasizing different weight losses were observed for all materials according to the heat treatment used in synthesis. For SM there were three intense signals centered at 50, 230, and 310 ∘ C producing a weight loss of 37%. In the ZSM material, signals from the DTG curve are centered at 56, 279, and 331
∘ C leading to a weight loss of 22% and there were only two broad signals centered at 56 and 319
∘ C for 12SZSM. The observed shift in the maximum of the DTG curves for SM, ZSM, and 12SZSM is attributed to amino groups produced by decomposition of the template agent which then interact strongly with zirconium species and so require higher decomposition temperatures. Similar behavior was recently reported by de Souza et al. [21] .
On the other hand, 12SZSM-2 lost 15 wt.% when heated from room temperature to 150 ∘ C and an intense signal centered at 80 ∘ C was observed in the DTG curve. This signal can be attributed to the elimination of water occluded inside the pore structure of the material. The DTG curve for 12SZSM presented a broad signal starting at 450 ∘ C associated with the beginning of the evacuation of the sulfate ion; this signal had a maximum value at 572 and 650 ∘ C, possibly indicating the existence of different sulfate species. The total weight loss was approximately 40% for all materials except for 12SZSM-2, which presented a loss of only 25%.
X-Ray Diffraction.
The XRD patterns of the materials are shown in Figure 2 for low and high angles. Figure 2 (a) shows low-angle XRD patterns which reveal intense diffraction at 2.5
∘ that is characteristic of a hexagonal symmetry arrangement similar to that of MCM-41 in the case of SM [23] . However, the intensity of this signal decreases and shows a slight shift for ZSM, 12SZSM, and 12SZSM-2, which may be due to the formation of zirconia crystals on the silicate surface and a strong interaction caused by sulfate ions. These processes degenerate the silicate's porous arrangement. This kind of damage is most evident in the material 12SZSM-2 which may be due to its higher content of sulfate ions (Figure 1(d) ); despite this fact, the material still presents some degree of porosity (Figure 3) . Jiang et al. [24] also observed this phenomenon when they increased the zirconium content in MCM-41.
Figure 2(b) shows the high-angle XRD pattern with three diffraction peaks at around 30, 50, and 60 ∘ on the 2 scale, representing a zirconium oxide with a tetragonal structure [10, 25] . When sulfate ions were added to the ZSM sample, the peaks characteristic of the tetragonal phase of zirconia disappeared; it became an amorphous phase. The high-angle XRD pattern for 12SZSM-2 revealed equivalent behavior as it only presented one peak at around 50 ∘ on the scale. All XRD patterns had a broader intensity around 22 ∘ in 2 , which is characteristic of amorphous silica [26] . This peak decreased in samples impregnated with sulfate ions, while the XRD pattern for pure silicate presented a small diffraction peak at 31 ∘ , identified as silica.
Texture Properties.
The nitrogen adsorption-desorption isotherms and porous diameter distributions acquired from materials calcined at 600 ∘ C are shown in Figures 3(a) and 3(b), respectively. The determined textural parameters from BET and BJH are shown in Table 1 . Figure 3(a) shows isotherms type IV for all materials. This is a typical performance from microporous materials with hysteresis cycle type H3, which is characteristic for the materials with lamellar [27] . The addition of zirconium atoms and sulfate ions in the synthesis of porous silicate reduces slightly the specific area; this phenomenon is associated with zirconium oxide formation (see Figure 2(b) ). The porous volume and diameters values for the ZM41, 12SZM41, and 12ZM41-2 samples do not show significant change (see Table 1 ). Figure  4 shows SEM images acquired by secondary electrons of the materials synthesized. All samples presented particle conglomeration, with no definitive geometrical shape and particle size. The images presented in Figure 4 are from typical porous type particles; thus, undefined edges are observed as in the case of crystalline particles. The sample 12SZSM and 12SZSM-2 show a few particles with approximately 0.3 m of size and apparently more solid, it could be due to the sequence synthesis of the material. These morphologies confirm the formation of porous silicates with a high specific surface area, in concordance with XRD and BET. Figure 5 shows the EDS elemental analysis spectra for samples impregnated with Zr and S (12SZSM, 12SZSM-2), respectively. The spectra show the presence of Si, O, Zr, and S elements, and they confirm the incorporation of these elements in the structure of mesoporous silicates. However, the sulfur content in 12SZM is low (Table 2) ; this could be because the majority of species were eliminated during thermal treatment (600 ∘ C). This result agrees with the thermogram weight changes presented in Figure 1 . Figure 6 shows bright-field TEM images for the silicate materials synthesized in this work. All images show a typical porous arrangement similar to MCM-41 material with channels, which are in concordance with XRD at low angle pattern intensity presented in Figure 2(a) . The samples SM Advances in Materials Science and Engineering
Particle Morphology and Elemental Composition.
Intensity (a.u.)
Intensity (a.u.) and SZM show uniform layer thickness due to the uniform contrast; elongated straight channel arrangements for both materials can be noticed. In the case of 12SZSM and 12SZSM-2 samples, the images show nonuniform contrast, due to their thickness changes or compound. In the case of 12SZSM and 12SZSM-2 samples, the images shown non-uniform contrast, due to their thickness changes or compound, because these materials have Zr and S elements according to the synthesis sequence (Scheme 1). The channels in the sample 12SZSM are continuous curved; it could be due to the Zr and/or S incorporated in the porous material wall growing. This type of channel is not noticed in the SM sample, due to the pure silicate compound; its diameter is around 20Å, but in the case of 12ZSM the diameter is around 15Å. This image confirms the shape and does not clearly define XRD pattern intensity in Figure 2 (a) for this sample, because the channels are always curved. According to the micrographs, these silicate materials studied are mesoporous.
Infrared Spectroscopy.
FTIR spectra for the study materials are shown in Figure 7 . The signal observed at 460 cm
is attributed to metal-oxygen binding, specifically to Si-O and Zr-O bonds found in the prepared silicates [28] . The signals at 810 and 1080 cm −1 belong to symmetric and asymmetric molecular oscillations produced by Si-O-Si bonds; these peaks were observed for all samples [24] . Said et al. [28] reported that signals for sulfate ions were found at 1053, 1120, and 1224 cm idea, a sodium sulfate (Na 2 SO 4 ) FTIR spectrum was used as a reference to identify sulfate functional groups. This spectrum showed strong signals at 610 and 1089 cm −1 , which are associated to S-O bonds [29] . However, the sulfates free zirconium silicate show intense bands and the same wavenumber IR range. This situation causes a great difficulty to identify sulfate groups in 12SZSM and 12SZSM-2 materials, due mainly at low sulfate content. Contrastingly, the peak located at 1080 cm −1 for 12SZSM-2 is more intense than that of 12SZSM; consequently this correlates with the greater quantity of sulfate ions retained in the first material. This result was corroborated by EDS analysis ( Figure 5) . The difference is attributed to the lower temperature of calcination associated to the material 12SZSM-2.
3.6.
-Butylamine Potentiometric Titration. Figure 8 (a) shows the variation in the maximum acid strength (MAS) developed by the pure silicate and the silicates impregnated with Zr and S. The MAS was determined by potentiometric titration with -butylamine [30] . From the results, pure silicate, SM, showed only very weak acid sites; a value of −42 mV was recorded for the MAS. The materials which incorporated zirconium atoms in their synthesis presented a MAS of 115 mV; this is a change of four orders of magnitude compared to pure silicate. To increase the total acidity and MAS, the ZSM material was impregnated with H 2 SO 4 . These processes helped to improve the MAS developed by 12SZSM and 12SZSM-2, with values of 153 and 470 mV, respectively. Only a slight difference in maximum acid strength was observed between ZSM and 12SZSM (a 40 mV increase). This is related to the concentration of sulfate ions retained on the material surface after calcination at 600 ∘ C process which leads to the removal of SOx species [19] due to the high temperatures used to form the mesoporous silicate (see Figure 1) . The sulfation and calcination temperature has a strong influence on the remanent concentration of sulfate ions, this was corroborated by the acid strength developed by 12SZSM-2 and 12SZSM. The former material had the highest MAS, as shown in Figure 8(b) , while contrastingly 12SZSM 73  71  29  94  90  9  100  96  4  12SZSM  76  56  43  80  76  24  95  86  14  12SZSM- has strong and weak acid sites, in accordance with the classification reported by Pizzio et al. [30] . These classifications are > 100 mV (strong acid sites), 0 < < 100 mV (strong), −100 < < 0 mV (weak), and < −100 mV (very weak).
FTIR Spectroscopy of Pyridine Adsorption.
A pyridine adsorption experiment for two samples (ZSM and 12SZSM) was performed in order to identify the type of acidity; the results are shown in Figure 9 . Both materials exhibited Lewis acid sites at 1445, 1580, 1595, and 1609 cm −1 , which are caused by the presence of zirconium atoms in the mesoporous silicate structure [31, 32] . Impregnating pure silicate material with sulfate ions in the precursor phase slightly modified the acid type of the resultant 12SZSM material. This is because sulfate groups in association with water molecules generate Brønsted type acid sites, producing a weak signal at around 1544 cm −1 [33] , as well as a signal at 1490 cm −1 attributed to acid sites. In general, the ZSM material presented Brønsted-Lewis type acid sites from room temperature up to 200 ∘ C and 12SZSM retained pyridine at temperatures over 400 ∘ C.
Catalytic Activity
Ethanol Dehydration Reaction.
In order to investigate the catalytic behavior of the samples, the ethanol dehydration reaction was carried out. The alcohols decomposition is a model reaction to determine the acid-base nature of catalytic materials and can serve as a characterization technique to evaluate the relative acidity between catalysts. It has been reported in the literature that the ethanol decomposition reaction can follow three possible routes: (1) intramolecular dehydration that produces ethylene, (2) intermolecular dehydration to generate diethyl ether, and (3) alcohol dehydrogenation to produce acetaldehyde [34] . It is known that, under inert atmosphere, the alcohol dehydration reactions take place through acid sites, whereas the dehydrogenation reaction is catalyzed by basic sites [35] . Thus, reaction selectivity is a measure of the relative amounts of each site type in the catalyst. The results are presented in Table 3 . Pure mesoporous silicate (SM) did not show any catalytic activity in the range of temperatures studied due to a lack of acid sites, whereas the silicates modified with zirconium and sulfated ions were active (ZSM, 12SZSM, and 12SZSM-2). Catalysts show high conversions > 70%. The activity order at 250 ∘ C is the following: 12SZSM-2 > 12SZSM > ZSM. It is clear that the variation in catalytic activity is correlated with the acid sites amount developed on the samples, data that were obtained by potentiometric titration with -butylamine (Figure 8 ). The nature, density, and strength of surface acid sites of these materials could be related to the presence of zirconium atoms and amount of sulfate ions retained in the mesoporous silicate after calcination process. A predominance of acid sites in the synthesized samples can be observed, since the reaction leads exclusively to the formation of dehydration products, ethylene and diethyl ether, the former being favored in all cases. Clearly this reaction is very sensitive to the change in the operation temperature, where a small temperature increase of only 10 ∘ C seriously affects the ethanol conversion. The results indicate that the conversion of ethanol and the selectivity toward ethylene increase quickly with temperature rising, but the selectivity of diethyl ether is contrary. At high temperatures, the main reaction product is ethylene which Varisli et al. [36] suggest could result from the decomposition of diethyl ether. Sheng et al. [37] have also reported that high reaction temperatures favor the production of ethylene while at low reaction temperatures diethyl ether formation is favored, consistent with the results obtained in this work. In these tests, there was no acetaldehyde production which indicated that there were no basic sites in the catalysts or if they existed they do not have the sufficient strength to direct the reaction toward the dehydrogenation of the alcohol. All catalysts were stable without any deactivation during 3 h of reaction time.
Methanol Dehydration Reaction.
Most studies reported in the literature have focused on the dehydration of alcohols of two or more carbon atoms using solid acid catalysts, concluding that the main reaction product is the corresponding olefin, although in some cases it is indicated that the ether formation can become dominant at low temperatures [38] [39] [40] . In the case of methanol, intramolecular dehydration is not possible so the only reaction that can occur is the formation of dimethyl ether and water, although the presence of strong acid sites and high reaction temperatures can lead to obtain lighter products [41] . It is known that the methanol dehydration requires catalysts with strong acidity [17] , for this reason the best catalyst of the series (12SZSM-2) was chosen to test its catalytic activity in this reaction. Acidity of this catalyst was enhanced due to the sulfation method which causes more sulfate ions remaining on its surface. The methanol dehydration reaction was evaluated at 340 ∘ C because at lower temperatures the catalyst does not show good catalytic performance. Figure 10 shows the catalytic activity of 12SZSM-2 material. The catalyst exhibited moderate activity with conversion around 35% and selectivity toward dimethyl ether formation of 97%. Only trace amounts of light compounds were observed in the products stream (3%). The conversion and selectivity are not changed during 90 min of reaction. This stability can be probably associated with the low reaction temperature and short time of operation. After the reaction, the color of the recovered catalyst was white confirming the absence of coke on its surface.
Conclusions
Mesoporous zirconium silicates were prepared by a nonthermal method, modified with sulfur and then thermally treated at 600 ∘ C. The resulting products showed a structure similar to that of MCM41, with a surface area of greater than 800 m 2 /g, but they collapsed with the introduction of sulfur and promoted the growth of zirconium oxide particles with a tetragonal structure. The acidity and maximum acid strength of the catalytic sites of pure silicate are very poor, but the introduction of zirconium oxide and sulfur increased the strength of the acid sites. Sulfur incorporation augments the number of Brønsted acid sites, which remain firmly anchored to the zirconium silicate, as corroborated by the adsorption and retention of pyridine in the acid sites at temperatures above 400 ∘ C. The catalytic activity for ethanol conversion was 70% using materials calcined at 600 ∘ C. Whereas methanol dehydration was not possible using the synthesized materials due to the low concentration of acid sites, using 12SZSM-2, methanol dehydration of 30% was achieved while generating dimethyl ether as a single product.
